We study the effects of ozone depletion on primary production in ice-covered and open polar waters using a spectral radiative transfer model combined with a parameterization of the inhibition of marine photosynthesis by ultraviolet radiation. We find that ozone depletion might not have a negative influence on the aquatic algal community at high latitudes but instead could enhance primary production. For an ozone depletion of 50%, we estimate the yearly averaged enhancement to be about 1%.
Even though ozone-destroying chemicals are mostly phased out of production, they will reside in the atmosphere for the next few decades and continue to deplete stratospheric ozone. In addition, global warming could indirectly, through increased formation of stratospheric ice clouds, increase the destruction of ozone (Austin et al. 1992; Staehelin et al. 2001) . Various studies have suggested that one effect of ozone depletion on aquatic ecosystems could be a reduction in primary production because of increased ultraviolet B (UVB; 280 , l , 320 nm) radiation (Hä der 1997). Smith et al. (1992) estimated a reduction in primary production of about 6-12% in the marginal ice zone in the Southern Ocean with a stratospheric ozone reduction from 300 to 200 Dobson units (DU) . At about the same time, Holm-Hansen et al. (1993) estimated the reduction in daily primary production under a well-developed ozone hole (150 DU) in Antarctica to be ,3.8%. Five years later, Neale et al. (1998b) predicted that an ozone depletion from 300 to 150 DU would lead to a reduction in primary production of between 8.5% and 0.7% for clear sky conditions and between 6.2% and 0.8% under cloudy skies.
Our calculations show that these previous estimates of reductions in primary production because of increased levels of ultraviolet radiation might be too large and that ozone depletion could lead to increased annual primary production in polar regions. Such a reduction is possible, as explained later in this paper, because ozone depletion not only causes increased levels of UVB radiation, but also increased levels of photosynthetically available radiation (PAR; 400 , l , 700 nm), and because a large fraction of the primary production in polar regions occurs under low solar elevations and in environments that are protected from UVB radiation by snow-covered sea ice. The possibility of enhanced marine production because of increased PAR was discussed by Arrigo (1994) . On the basis of model calculations for the early spring at 75uS, he predicted that a 50% reduction of stratospheric ozone would cause a 9% enhancement of the depth-integrated production. However, because the mean solar zenith angle decreases in the late spring and summer, he found reduced production, caused by increased inhibition by UVB radiation, to be dominating. Integrating over the light cycle and from the surface down to the base of the euphotic zone in open water, he found the reduction in primary production because of increased UVB radiation to be ,1%. Later, Arrigo et al. (2003) found that the reduction in spring primary production would be ,0.25% in Antarctica. In this paper, we address the potential effect of ozone depletion on primary production in both open waters and ice-covered waters for varying solar zenith angles and latitudes.
Model description
Marine photosynthesis can be parameterized as in Eq. 1 (Cullen et al. 1992; Neale et al. 1998a) .
Here, P s is the maximum photosynthesis in the absence of photo inhibition. The unit of P is the same as the unit of P s , which is usually mass carbon produced per mass chloro-phyll a [Chl a] per time or mass oxygen produced per mass Chl a per time. Throughout this paper, photosynthesis and primary production are used as equivalent terms and defined without respiratory losses. E p in Eq. 1 is the photosynthetically utilizable radiation (PUR), which is the PAR weighted by the absorption spectrum (Morel 1974 ).
Here, E 0 (l) is the scalar irradiance (i.e., the radiance integrated over all 4p directions), and a * (l) is the normalized algal absorption spectrum (Fig. 1B) . In Eq. 1, E s is the PUR saturation level, which determines the slope of P as E p approaches zero. Furthermore, the factor 1 1 z E Ã in Eq. 1 describes the inhibition caused by ultraviolet radiation (UVR; l , 400 nm), where E * is the wavelengthintegrated scalar irradiance weighted by an action spectrum e(l) for UVR-induced inhibition of photosynthesis ( The photosynthesis described by these equations depends on the UVR dose rate, implying that a change in the UVR level will cause an instantaneous change in photosynthesis. Consequently, photosynthesis is independent of the light history experienced by each individual algae, which makes the depth-integrated photosynthetic production independent of oceanic mixing rates. Parameterizations in which production, inhibition, and recovery depend on both current radiation levels and radiation history are commonly referred to as dose dependent (Neale et al. 1998a) . Arrigo et al. (2003) found that the use of a dose rate-dependent model instead of a dose-dependent model might cause a small underestimation of the harmful effects of UVR. In their calculations for the spring in the Antarctic region, they found the dosedependent model to give twice as much loss in primary production during ozone depletion as the dose ratedependent model. However, it is not well known which of these two models describes nature most accurately. We therefore use the dose rate-dependent model and note that our results would be slightly modified with the use of a dose-dependent model but that the overall conclusions should not be affected.
The solar irradiance E 0 (l) that drives and inhibits primary photosynthesis depends on a number of environmental factors, such as the total ozone column amount, the solar zenith angle, and the depth in the ocean, as well as on the presence of clouds, ice, and snow. We determined the scalar irradiance under changing environmental conditions by employing a multistream radiative transfer model for the coupled atmosphere-snow-sea ice-ocean system (Jin and Stamnes 1994; Thomas and Stamnes 1999) . The model has been used and tested in a number of applications (see, e.g., Jin et al. 1994; Gjerstad et al. 2003) . Assuming total ozone column amounts of 400 DU and 200 DU, we computed the scalar irradiance at the bottom of snowcovered sea ice and at various depths of open water. We did not include highly UVR absorbing impurities like soot, dust, and organic matter in the snow and the ice to make sure not to provide extra UVR protection for the ice algae growing in the bottom layer of the ice. Our choice of 400 DU as a ''normal'' total ozone column amount was based on measured ozone values in the Arctic in the spring (see, e.g., http://toms.gsfc.nasa.gov/), making 200 DU a hypothetical 50% reduction. In our calculations, we set the PUR saturation level E s in Eq. 1 to 5 W m 22 , which is an average (after conversion to PUR) of E s values for ice algae and open-water phytoplankton given by Sakshaug et al. (1990) and Johnsen and Hegseth (1991) . Unless otherwise specified, the parameters in Table 1 were used in the computations throughout this paper. See also Hamre et al. (2004) for further details about parameterizations and optical properties of the atmosphere, snow, sea ice, and ocean.
Results and discussion
First, we carry out a simple analysis to determine how photosynthesis responds to a relative change in PAR and UVR levels. Letting E p /E s 5 E9 and taking the total differential of Eq. 1, we get Eq. 4.
We see that for large values of both E9 and E * (i.e., for large values of both PUR and UVR), E 0 ðe E 0 { 1Þ ? 0 and E Ã =ð1 z E Ã Þ ? 1, so that Eq. 4 reduces to dP=P~{dE Ã =E Ã . Thus, for high radiation levels, a relative increase in E * (UVR) causes an equally large relative reduction in photosynthesis, whereas a simultaneous relative increase in E9 (PUR) has no effect. However, for small values of both E9 and E * , E 0 ðe E 0 { 1Þ ? 1 and E Ã =ð1 z E Ã Þ ? 0. Now a relative increase in E9 or PUR causes an equally large relative increase in photosynthesis, whereas a simultaneous increase in UVR has no effect. Normally E9 and E * have values between the two extremes considered above. But for low solar elevations at sufficiently deep levels in the ocean or under snow-covered ice, where both the UV and visible radiation levels are small, an increase in UVR will have a small effect on primary production, whereas a relative increase in PUR will cause a corresponding relative increase in photosynthesis. Such low light levels are particularly prevalent in the polar regions. Keeping this simple analysis in mind, we now proceed with accurate calculations.
As stated in the introduction, ozone depletion will not only increase the amount of harmful UVB radiation, but also the amount of beneficial visible radiation (PUR). This follows from the spectral absorption cross section of ozone ( Fig. 2A) . Note that Fig. 2B and Fig. 2C show that at large solar zenith angles (i.e., when the sun is close to the horizon), the ratio of increased visible radiation to increased UVR is larger than for small solar zenith angles. Besides ozone absorption, this is also caused by molecular (Rayleigh) scattering and, to some extent, by aerosol scattering, which selectively scatter more UVR than PUR out of the atmosphere. At large solar zenith angles, the solar beam has to penetrate a larger optical depth; thus, a larger fraction of light with shorter wavelengths will be scattered out of and absorbed by the atmosphere. In the extreme case, if all UVR were removed by scattering, an ozone depletion would increase the magnitude of PUR but would not increase the magnitude of UVR.
At low solar elevations, the photosynthesis is largest in the surface water. But as the sun gets higher in the sky, UVR inhibits photosynthesis in the surface water, giving a maximum value for photosynthesis at a certain depth (Fig. 3) . We see that even though UVR inhibits the production strongly in the upper part of the column, the difference in production from a 50% depletion in ozone is very small (barely visible in Fig. 3 ).
Note that for high levels of PUR production reaches saturation (Eq. 1). Thus, at small solar zenith angles, the small reduction in photosynthesis caused by ozone depletion cannot be explained by increased PUR tending to counteract UVR inhibition. This behavior points to another important issue concerning photosynthesis and ozone depletion. When weighted by the action spectrum for UVR-induced inhibition of photosynthesis, only UVR at wavelengths shorter than about 340 nm is significantly affected by the ozone layer (see Fig. 4) . Therefore, the integral in Eq. 3, which extends from 280 to 400 nm, does not increase significantly when the ozone layer is depleted. Figure 4 shows that the increase of E * is only 17% for a 50% ozone reduction, which gives a reduction of 1/(1 + E * ) of only 0.7%.
From Fig. 5 we see that a 50% reduction in the total ozone column results in a reduced level of photosynthesis only in that part of the water column that is above a certain depth. Below this depth, which decreases with solar Table 1 . Summary of optical properties and physical parameters used in the radiative transfer computations. The atmosphere constituents and the aerosol extinctions were obtained from Andersen et al. (1986) and Shettle and Fenn (1976 elevation, photosynthesis increases. At sufficiently low solar elevations, photosynthesis increases at all depths. At a fixed depth, the change from reduced to increased photosynthesis might be explained by considering Eq. 4. When the UVR level approaches zero, so does E Ã =ð1 z E Ã Þ, wereas E 0 ðe E 0 { 1Þ always remains larger than zero (except for very high values of PUR). Thus, dP=P is positive if dE 0 =E 0 is positive, which means that at sufficiently low UVR values, photosynthesis will always increase, caused by increased PUR under ozone depletions. The UVR levels decrease with depth in the water. In polar waters, the typical depths at which the UVR levels at 305, 320, 340, and 380 nm are attenuated to 1% of their surface values are in the range of 5-10, 10-20, 15-30, and 20-70 m, respectively (Erga et al. 2005) . At a certain critical depth, the PUR level becomes so low that dP=P changes from negative to positive values, and for a sufficiently low solar elevation, the PUR level becomes low enough to cause increased photosynthesis at the surface. It might be questionable to consider a Chl a concentration that remains constant with depth in polar regions because the growth season normally starts in the surface water of the marginal ice zone. However, later in the year, the phytoplankton descends deeper into the water column as the ice edge recedes. Thus, in nutrient impoverished and well-mixed central waters, the phytoplankton biomass often is uniformly distributed down to about 20 m, with typical Chl a concentrations ranging from 0.1 to 2 mg m 23 . Also, blooms of phytoplankton appear to be rather common in unstratified waters, resulting in a relatively uniform distribution of biomass (Eilertsen and Taasen 1984) .
It is clear that increased UVB radiation caused by ozone depletion only leads to a small decrease in photosynthesis in the upper part of the open water, particularly at high solar elevations. But increased PUR caused by ozone depletion leads to increased photosynthesis, particularly at low solar elevations, but also below a certain critical depth for high solar elevations in open water (Fig. 5) and at the bottom of snow-covered sea ice (Fig. 6) . The question is: Which of these two effects will dominate? From Fig. 6 , we see that the answer to this question is determined by the average solar zenith angle. If the average solar zenith angle is larger than a certain value, photosynthesis will be enhanced. To obtain the monthly averaged photosynthesis ratio during spring and summer, we integrated Eq. 1 over each month with ozone concentrations of 200 and 400 DU, and then we formed the ratio between these two integrated productivities. Figure 7 shows a pronounced high value of this ratio early in the spring and a smaller value in the late spring and summer. For this latitude (70uN, with input from Table 1) , we found an increased average photosynthesis for all months. Note that the same results will be valid for Antarctica half a year later (ignoring the effect of the difference in sun-earth distance). Comparing Fig. 6 with the yearly average of the solar elevation shown in Fig. 8 , we see that, at least for latitudes between the polar circle and the pole, the average solar zenith angle seems to be large enough to give an average net increase in primary production. Figure 9 shows detailed computations of yearly averages of production ratios, wherein we have integrated photosynthesis in Eq. 1 in the same way as in Fig. 7 , but now for a full year instead of month by month. We see that the computation with input from Table 1 gives a small increase in the primary production for latitudes above 50 degrees for both open water (oceanic) algae and for algae growing in the ice. The sensitivity analysis shown in Fig. 9 indicates that only ice algal communities growing in bare sea ice or in sea ice covered with a very thin layer of snow may experience a reduction in photosynthesis. This reduction occurs because the ice algae stay fixed close to the surface, covered only with a relatively transparent layer of snow and ice. If impurities had been included in the snow and ice, the values for the ratio of P(200 DU) to P(400 DU) in Fig. 9 would have been higher. From the three panels, a rough estimate of the average increase in yearly averaged photosynthesis (or primary production) in the polar regions is found to be about 1%.
One should have in mind when taking the yearly average that the concentration of stratospheric ozone varies throughout the year, with ozone depletion episodes occurring most frequently in the spring. However, during spring, the average solar zenith angle is larger than the yearly average. The effect of this can be seen from the monthly averaged production at 70uN (Fig. 7) , which shows that during the spring, primary production can Table 1 was used in the computations, and the cut-off depth for the integration was 100 m. increase by between 0.1% and 5%. On average, this increase is larger than the estimated yearly averaged increase, which ranges from 0.5% to 1.4% at this latitude (Fig. 9A) . Thus, spring values for increased primary production in polar regions could be even larger than the yearly estimate of about 1%.
As far as we know, our results are the first to indicate a possible enhanced yearly averaged primary production resulting from ozone depletion. Note, however, that Arrigo et al. (2003) found the loss in total spring primary production caused by ozone depletion to be ,0.25%, which is close to no loss. Also, note that small changes in primary production caused by ozone depletion make it difficult to quantify such changes by in situ measurements. It is very hard to distinguish effects caused by ozone depletion from those caused by variations in cloudiness, aerosol concentration, water turbidity, and so on. Even for phytoplankton samples placed in vessels with protective coatings, which give varying degrees of UVR exposure, it is difficult to quantify the change because this method does not normally account for increased PUR when comparing two vessels with different degrees of UVR coating. Fortunately, with a model, it is possible to keep all other variables, except the ozone concentration, constant. Hence, by combining well-tested biological and optical parameterizations, we can analyze small variations in the primary production caused by variations in the ozone layer. For completeness we should mention that our model does not account for other possible effects of increased UVR, such as shifts in species composition, diminished grazing, and changes in the nutrient balance.
On the basis of our calculations using a comprehensive radiative transfer model in combination with a parameterization of oceanic primary production, we conclude that (1) ozone depletion not only increases harmful UVR, but also increases beneficial visible radiation; (2) the beneficial effects of increased visible radiation dominates over the deleterious effects of increased UVR in protected environments (i.e., for phytoplankton growing under sea ice and below a certain depth in open waters at high latitudes with low solar elevations); and (3) a large fraction of the primary production in the polar regions is caused by ice algae, which grow in environments that are very well protected from UVR. From these considerations and from our calculations, we estimate that primary production in the polar regions could increase by approximately 1% under a 50% ozone depletion. Our estimate is conservative because we have ignored the effect of impurities in snow and ice and enhanced levels of colored dissolved organic matter (CDOM) in the water. Such impurities and CDOM absorb relatively more in the UV than the the visible part of the spectrum and could therefore lead to a small enhancement of our estimated 1% increase in primary production because of ozone depletion. Because our assessment contradicts previous studies, which show diverging results, we hope that in the future, collaborative efforts in this important interdisciplinary field may add new insights into the effects of ozone depletion on aquatic ecosystems.
